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Dorper sheep is popular among farming enterprises with strong adaptability, 
disease resistance, and roughage tolerance, and an unique characteristic of 
natural shedding of wool. In a large number of observations on experimental 
sheep farms, it was found that the wool of some sheep still had not shed after 
May, thus manual shearing was required. Therefore, understanding the molecular 
mechanisms of normal hair follicles (HFs) development is crucial to revealing the 
improvement of sheep wool-related traits and mammalian skin-related traits. In 
this study, transcriptome analysis was performed on skin tissues of adult Dorper 
ewes in the shedding (S) and non-shedding (N) groups in September 2019, January 
2020, and March 2020, respectively. The results identified 3,278 differentially 
expressed transcripts (DETs) in the three comparison groups within the S group, 
720 DETs in the three comparison groups within the N group, and 1,342 DETs in 
the three comparison groups between the S-vs-N groups. Time-series expression 
analysis revealed 2 unique expression patterns in HF development, namely, elevated 
expression in the anagen phase (A pattern) and the telogen phase (T pattern). DETs 
with stage-specific expression had a significant presence in processes related 
to the hair cycle and skin development, and several classic signaling pathways 
involved in sheep HF development, such as Rap1, estrogen, PI3K-Akt, and MAPK, 
were detected. Combined analysis of DETs, time-series expression data, and 
weighted gene co-expression network analysis identified core genes and their 
transcripts influencing HF development, such as DBI, FZD3, KRT17, ZDHHC21, 
TMEM79, and HOXC13. Additionally, alternative splicing analysis predicted that 
the isoforms XM_004004383.4 and XM_012125926.3 of ZDHHC21 might play 
a crucial role in sheep HF development. This study is a valuable resource for 
explaining the morphology of normal growth and development of sheep HFs and 
the genetic foundation of mammalian skin-related traits. It also offers potential 
insights into factors influencing human hair advancement.
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Introduction

The hair follicles (HFs) of sheep constitute a “micro-organ” of the skin (1, 2). They are 
essential for sebum and sweat secretion, temperature regulation, homeostasis maintenance, 
and the regeneration and repair of skin stem cells (2). Additionally, HFs are an important 
source of tissues, which promote wool growth and determine the periodic growth 
characteristics of hair (3). Sheep HFs comprise primary hair follicles (PHFs) with medullated 
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hair and secondary hair follicles (SHFs) without medullated hair. 
Sheep wool is derived from the SHF structures in the skin (4, 5). The 
HFs of sheep and wool growth and development follow a cyclic 
pattern of anagen, catagen, and telogen phases, which are influenced 
mainly by external environmental factors and specific genetic factors 
(6). The Wnt signaling pathway plays a crucial role in epidermal 
development, HF morpho-genesis, and regeneration (7). Gab1, which 
is downstream of receptor tyrosine kinase and upstream of Shp2 and 
Mapk, is involved in the regulation of the HF cycle and self-renewal 
of follicular stem cells (8). In normal skin, BMP controls epidermal 
homeostasis, HF growth, and melanogenesis (9). The APC (exon 
skipping), POFUT1 (intron retention), and TGFBR3 (cassette exon) 
genes, which are associated with HF development, are regulated by 
selective splicing (10). Transcription factors such as KLF4, LEF1, 
HOXC13, RBPJ, VDR, RARA, and STAT3 are specifically expressed in 
HF morphogenesis (11). Moreover, wool growth is a seasonal and 
cyclic phenomenon in animals that is controlled by photoperiod, 
inhibitory signaling, and the endocrine system (12, 13).

Interactions of multiple signaling pathways and specific genetic 
factors regulate HF growth and development cycle. The Wnt and 
Hippo signaling pathways promote Cashmere goat HF growth, 
whereas the Rap1, PI3K-Akt, NF-kappaB, and cAMP signaling 
pathways are crucial in the catagen and telogen phases. The PI3K-Akt 
signaling pathway and extracellular matrix (ECM) receptor 
interactions play important roles in transitioning from the telogen to 
the anagen phase, serving as candidate biomarkers for the regeneration 
process (14). FGF5, FGFRL1, and RRAS genes affect HF development 
through the MAPK signaling pathway in the Inner Mongolian velvet 

goat (5). Vimentin regulates the growth cycle of Cashmere goat HFs 
by affecting the outer root sheath (15). A comparison of molecular 
signals that initiate HF development on days 45, 55, and 65 in the 
embryos in Cashmere goats revealed significant differences in the 
Wnt, TGF-β, FGF, Hedgehog, and NOTCH signaling pathways from 
E55 to E65. FOXN1, GATA3, and DLX3 may have consistent effects on 
HF development (10). The Notch signaling pathway plays a crucial 
role in HF differentiation and maturation, with regulatory factors such 
as FOXN1, HOXC3, PRR13, and LHX15 potentially having consistent 
regulatory roles in Cashmere goat HF development (16). KRT25, 
KRT27, KRT19, KRT10, KRT77, KRT1, KRT24, KRT14, and KRT4 are 
considered to be markers of the HF cycle (17). Additionally, the genes 
LAMA5, WNT10A, KRT25, ZDHHC21, FZD1, LRP4, TGFβ2, 
TMEM79, SOX10, ITGB4, and KRT14 were significantly enriched in 
epidermal differentiation and development, hair follicle development, 
and hair follicle morphogenesis, and they were expressed specifically 
in the wool follicles of sheep at different developmental stages (18). In 
general, research on hair follicle development in cashmere goats has 
been widely reported, but research on wool follicles in sheep is 
relatively rare. In addition, the automatic shedding feature of Dorper 
sheep saves a certain amount of production costs for breeding 
companies, while research on some Dorper sheep that do not 
automatically shed their hair is even less common.

Weighted Correlation Network Analysis (WGCNA) allows for the 
joint analysis of high-throughput and phenotypic data, categorizing 
genes with similar expression profiles in modules and defining key 
modules and genes (19, 20). WGCNA has been used to identify key 
genes such as WNT10A, KRT14, WNT11, LEF1, WNT5A, KRT1, and 
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KRT6, which are associated with the development of the HF cycle in 
Inner Mongolian velvet goats. Among these, WNT10A is a crucial 
gene that regulates the development of HFs (18, 21, 22). ECM-receptor 
interactions, adhesion patches, the PI3K-Akt signaling pathway, and 
estrogen signaling pathways are closely related to the cyclic 
development of HFs. Genes such as COL1A1, C1QTNF6, and COL1A2 
play a role in increasing cashmere production (23). In addition, 
alternative splicing, as an important regulatory modality, has an 
intrinsic transcriptional regulatory mechanism that results in 
polymorphisms in transcript and protein structure and function. 
FGF5 signaling is expressed at a much higher level in the final phase 
of the anagen phase than in the telogen phase, inducing a transition 
to the catagen phase. In contrast, FGF5 signaling plays an inhibitory 
role in the anagen-to-catagen transition in the dermal cells of 
Cashmere goats (24, 25).

Numerous studies have demonstrated that wool follicle 
development is regulated by various pathways and specific genes 
throughout the growth cycle. However, most studies have focused on 
wool follicles and wool growth in Cashmere goats, with few studies 
addressing the entire cycle of wool follicle development and growth in 
sheep. Moreover, there are relatively few reports of Dorper sheep not 
shedding automatically. Additionally, regulation of the expression of 
single-gene multiple transcripts generated from mRNA precursors 
(pre-mRNAs) through different splicing modes during the cyclic 
changes in wool follicle development and growth in sheep have not 
been extensively studied, and the regulatory mechanisms that are 
involved remain largely unexplored. Furthermore, research on the 
impact of alternative splicing events on HF development in sheep is 
limited. In this study, transcript expression datasets were analyzed to 
identify key transcripts, pathways, and variable splicing events 
affecting the regulatory mechanisms of normal hair follicle 
development and growth cycles in sheep. Our study aims to provide a 
theoretical foundation to elucidate the regulatory mechanisms 
underlying the cyclic wool follicle growth in sheep.

Materials and methods

Animals and sample collection

All adult Dorper ewes used in this study were obtained from 
Zhong mu Yilin Livestock Co. Ltd. (Yinchuan, China). Sustained 
observations at the experimental sheep farm revealed that Dorper 
sheep exhibited a trait-separation phenomenon between shedding and 
non-shedding wool. By May, some sheep continued to retain their 
wool and required manual shearing. Consequently, Dorper adult ewes 
with consistent feeding and management conditions, good body 
condition, and similar age (2 years) were selected for this study. Ewes 
were categorized into a shedding group (S) and a non-shedding group 
(N) to investigate the cyclic development of HFs. Initially, 10 Dorper 
sheep were selected from the S group and the N group as the 
experimental model. Five Dorper sheep from the group S and three 
from the group N with the best phenotype were finally selected for 
subsequent analysis. The samples were collected in September 2019, 
January 2020, and March 2020. Skin tissues were collected from the 
same batch of sheep in group S (5 sheep) and group N (3 sheep) at 
each time point. Samples were collected from the posterior edge of the 
last rib at the junction of the rib and the midline of the body (Sample 

size: 2cm2). For sampling, the wool is first sheared as far as possible. 
Next, the sampling site was disinfected and injected with an anesthetic 
drug. Then, after the skin tissue was cut off using scissors, the sheep 
wounds were sprayed with iodophor. Finally, anti-inflammatory drugs 
were applied to the wounds, and the wounds were sutured. We have 
done our best to minimize the suffering of the sheep. Tissue samples 
were rinsed with phosphate-buffered saline, immediately transferred 
to RNAase-free cryo-preservation tubes, and preserved in liquid 
nitrogen. The stages of Group S were labeled as S1, S2, and S3, whereas 
those of Group N were labeled as N1, N2, and N3 according to the 
sampling time. Additionally, skin tissues were collected for 
paraffin sectioning.

Histological staining

After immersing sheep skin samples in 4% paraformaldehyde for 
24 h for fixation, the samples were embedded and rinsed for 30 min 
with running water to eliminate the fixative and then dehydrated in 
gradient ethanol solutions. The tissue was embedded in paraffin using 
a JB-P5 machine. Paraffin blocks were sectioned along the horizontal 
axis using an RM2016 microtome (Germany) to yield Sections 
approximately 5 μm thick. The sections were photographed at 40× 
magnification using an OLYMPUS cellSens (BX53) microscope. PHF 
and SHF diameters were measured using ImageJ software.1 Data 
analysis was conducted using one-way ANOVA with the Agricola 
package (v.1.3–7) for R studio software.

Total RNA extraction and transcriptome 
sequencing

Total RNA was isolated from 24 skin samples using TRIzol reagent 
(Invitrogen, United States). RNA purity, concentration, and integrity 
of each sample were checked with a Nanodrop 2000 and an Agilent 
2,100 Bioanalyzer with RIN ≥ 8.4, and 1.8 < optical 
den-sity260/280 < 2.0. An RNA-seq library was constructed using a 
TruSeq™ RNA sample preparation kit (Illumina; San Diego, CA) 
following the manufacturer’s instructions. First, ribosomal RNA was 
removed to maximize the retention of all coding RNAs. The resulting 
RNA was then randomly fragmented into short pieces of 
approximately 300 bp. Subsequently, these RNA fragments served as 
templates for synthesizing the first strand of cDNA using six-base 
random hexamers. Next, the second strand of cDNA was synthesized 
by adding buffer, dNTPs (with dUTP instead of dTTP), RNase H, and 
DNA polymerase I, followed by purification using a QiaQuick 
polymerase chain reaction (PCR) kit and elution with EB buffer for 
terminal repair, the addition of base A, and sequencing adapter. 
Degradation of the second chain was achieved using the enzyme 
uracil-N-glycosylase. Lastly, PCR amplification and fragment size 
selection were performed using agarose gel electrophoresis. The 
constructed sequencing library was then sequenced on the Illumina 
HiSeq™ 4,000 platform with 150 bp paired-end reads. Each sample 
generates approximately 6 Gb of sequencing data.

1 https://imagej.net/ij/download.html
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Data quality control, comparison, 
assembly, and expression calculation

The following analysis was done based on MobaXterm 
(v.23.1). Quality filtering of raw data was performed using FastQC 
(v.0.11.9) software to remove reads containing adapter sequences, 
reads with >10% N content, duplicate reads, and low-quality reads 
(where bases with a quality value Q ≤ 20 made up more than 50% 
of the total reads), to obtain clean reads. HISAT2 (v.2.2.1)2 (26) 
was used to align the reads to the sheep reference genome (Oar_
rambouillet_v1.0), and StringTie (v.2.2.0) (27) software was used 
to assemble the transcripts and calculate the transcript expression 
in each sample. The expression level is displayed as raw reads 
count and FPKM. The raw reads count indicates the number of 
reads contained in the transcript, but due to the influence of 
sequencing amount and transcript length, the raw reads count is 
not conducive to the comparison of differential transcripts 
between samples. To ensure the accuracy of subsequent analysis, 
we first corrected the sequencing depth, then corrected the length 
of the transcript, and obtained the FPKM value of the transcript 
before conducting subsequent analysis.

Bioinformatics analysis

Sample relationship analysis
The following analysis was performed based on R studio. In order 

to understand the repeatability between samples and assist in 
excluding abnormal samples. The gmodels package (v.2.19.1) was used 
to perform principal component analysis (PCA). The corrplot package 
(v.0.92) was used to perform a Pearson correlation analysis on 
all samples.

Identification of differential transcripts
Normalization, p-value calculation, and multiple hypothesis 

testing corrections (false discovery rate, FDR) were conducted using 
the DESeq2 (v.1.42.0) package on each sample’s read count (28). 
Differentially expressed transcripts (DETs) were identified using 
|log2FC| ≥ 1 and P-adjust <0.05 as the criteria. Quantitative 
relationships of DETs among groups were plotted using GraphPad 
(v.8.0.1), and the intersecting genes among the DETs were visualized 
using the UpSetR package (v.1.4.0).

Enrichment function analysis and network 
visualization

Functional annotation and enrichment of all transcript from 
sequencing were performed using Gene Ontology (GO) and Kyoto 
Encyclopedia of Gene and Genomes (KEGG) databases. Gene 
network interactions were visualized using Cytoscape (v3.9.1) (29).

Time series expression analysis
The pheatmap package (v.1.0.12) was used to visualize the 

clustering among samples, and the STEM software3 was used to 

2 https://daehwankimlab.github.io/hisat2/

3 www.omicshare.com/tool

classify the expression patterns of DETs and identify the expression 
patterns and key transcripts related to HF development.

Weighted correlation network analysis
Co-expression networks were constructed using the WGCNA 

(v.1.72–5) package. Use the pickSoftThreshold function to select the 
appropriate soft threshold power β value to calculate the network 
structure. Merging modules with 75% feature transcript similarity 
using a dynamic tree-cutting technique to ascertain the final module 
count. Transcript with |MM| ≥ 0.75 in key modules were correlated 
with hub transcript (Demonstrated as a gene in the main text) related 
to HF development in sheep to pinpoint the hub transcript 
(Demonstrated as a gene in the main text) and their regulatory 
relationships with HF development pathways. In addition, sequence 
motif enrichment in the promoters of transcripts specifically expressed 
during the stages related to HF development was analyzed using 
MEME (v. 5.5.5).

Alternative splicing analysis
Alternative splicing is a crucial gene regulatory mechanism in 

eukaryotes. RMATS (30) was used to determine 5 variable splicing 
events, namely, exon skip (ES), retained intron (RI), mutually 
exclusive exons (MXEs), alternative 5′ splice site (A5SS), and 
alternative 3’splice site (A3SS) (31). Differential alternative splicing 
events were screened using the criteria of |IncLevelDiff| ≥ 0.1, p-value 
≤0.05, and FDR ≤ 0.05. Key candidate genes related to HF 
development in sheep were identified via combined analysis of 
differential alternative splicing events, DETs, and hub genes. The 
expression, splicing types, and locations of these candidate genes were 
analyzed in depth. Motifs in the splice site sequences of skipped exons 
with significant splicing changes were identified using the software 
XSTREME (v.5.5.5) (32). These splice site sequences replaced the 
500 bp downstream sequence of the exon (exonStart-exonEnd: 
89851506–89,851,692).

RT-qPCR

Six DETs (MT1C, KRT27, TPRXL, FABP9, KRT23, and S100A14) 
were randomly selected, and RT-qPCR was used to determine their 
relative expression. Exon sequences of the relevant transcripts were 
downloaded from The National Center for Biotechnology Information 
(NCBI) database, and primers were designed using Primer Premier 
6.0, with primer specificity verified using NCBI Primer-
BLAST. GAPDH served as the internal reference gene, with primers 
synthesized by Bioengineering Co. (Shanghai; Supplementary Table S1). 
cDNA was synthesized from the extracted total RNA using a 
PrimeScript™ RT kit (Takara, China). qRT-PCR was performed using 
a TB Green® Premix Ex Taq™ Fluorescence Quantification kit to 
determine transcript expression. The qRT-PCR reaction system 
included the following: 10 μL TB Green Premix Ex Taq II (Tli RNaseH 
Plus), 0.8 μL forward primer (10 μmol/L), 0.8 μL reverse primer 
(10 μmol/L), 0.4 μL ROX reference dye (50×), 2 μL cDNA, and 6 μL 
RNase-free water, made up to a total volume of 20 μL. The real-time 
fluorescence quantitative PCR procedure was as follows: 
pre-denaturation at 95°C for 30 s; denaturation at 95°C for 10 s, 
annealing at 57.8°C for 30 s, and extension at 65°C for 5 s, for a total 
of 40 cycles. Data were organized using Microsoft Excel (v.2019), and 
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relative transcript expression was calculated using the 2-ΔΔCt method. 
GraphPad software was used to analyze the graphs.

Results

Histological changes in the HFs of sheep

Skin samples were sectioned along the horizontal axis to observe 
the histological changes in sheep wool follicles during September 
2019, January 2020, and March 2020 (Figures 1A,B). In group S, PHFs 
and SHFs transitioned from the anagen phase to the telogen phase 
between S1 and S2, with SHFs appearing smaller or even atrophied. 
Both PHFs and SHFs from S2 to S3 showed signs of developing hair 
buds and re-entered growth and development. In group N, the PHFs 
in group N2 still had developing hair buds, and the SHFs did not 

exhibit significant shrinkage compared with those in group S2. PHFs 
and SHFs in groups N2 to N3 were in a slow anagen phase. These 
results indicated that HFs in group S exhibited a rhythmic cyclic 
development, whereas those in group N lacked a telogen phase, 
resulting in a continuous growth and development process without a 
cyclic pattern. Next, we  standardized the diameter measurements 
(μm) of PHFs and SHFs in groups S and N. Highly significant 
differences were noted between the PHFs in both groups S and N at 
all 3 time points. However, SHFs were significantly different only in 
January and not significantly different in either September or March 
(Figure 1C; Supplementary Table S2). Wool shedding refers to the 
cycle of growth and development of SHFs, shedding, and regrowth. 
Therefore, S1, N1, and N2 were initially defined as the anagen phase, 
S2 as the telogen phase, S3 as the early anagen phase, and N3 as the 
slow anagen phase. Additionally, the observation of tissue sections 
provided a reliable basis for selecting samples from specific HF 

FIGURE 1

Histological comparison of sheep HFs at 3 developmental stages. (A) and (B) display the histological changes in HFs observed in September, January, 
and March, respectively (magnification: ×40). (A) September (S1), January (S2), and March (S3). (B) September (N1), January (N2), and March (N3). 
(C) Measurement of HF diameter (μm) of PHFs and SHFs at 3 developmental stages of sheep HFs and one-way analysis of variance (mean ± standard 
deviation). 20 PHFs and 30 SHFs were selected for each sample to statistically analyze the mean and standard deviation. In total, the diameters of 120 
PHFs and 180 SHFs were measured. Note: HF: hair follicle, PHF: primary hair follicle, and SHF: secondary hair follicle. ***p < 0.001indicates extremely 
significant difference. Z1, Z3, and Z9 represent the sampling years. Z1, Z3, and Z9 represent the sampling years. Z9: September 2019, Z1: January 2020, 
Z3: March 2020.
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developmental states for transcriptome sequencing and subsequent 
analysis to identify the transcript related to HF development in sheep.

Quality assessment results and sample 
correlation analysis

To investigate the regulatory mechanisms governing HF growth 
and development in sheep, a total of 24 samples from both groups S 
(5) and N (3) were analyzed. The experiment yielded 2,178,092,054 
clean reads (Supplementary Table S3) and detected 47,660 transcripts 
through RNA-seq data analysis (Supplementary Table S4). PCA 
revealed that S1 and S3 samples were closer to each other, whereas S2 
samples were farther from both S1 and S3. By combining the sampling 
time and section results, it was determined that S1 and S3 were in the 
anagen phase of HF development, whereas S2 was in the telogen 
phase. N1 and N2 clustered with S1 and N3 showed expression similar 
to S3, further suggesting that there was no telogen phase in the HFs of 
group N sheep. Therefore, it was determined that S1, N1, and N2 were 
in the anagen phase, S2 was in the telogen phase, S3 was in the early 
anagen phase, and N3 was in the slow anagen phase (Figure 2A). 
Correlation analysis was conducted on all samples, and the correlation 
of duplicate samples within the same treatment group was found to 
be higher than 0.95 (Figure 2B).

RT-qPCR validation of RNA-seq

Six DETs were randomly selected and their comparative 
expression was determined using RT-qPCR. Results from RT-qPCR 
for these 6 DETs were consistent with the transcript expression 
profiles, validating the reliability of the transcript sequencing results 
(Figure 3).

Identification of differential transcripts and their 
enrichment analysis.

A total of 5,340 DETs were identified using the DESeq2 package 
with |log2FC| ≥ 1 and P-adjust <0.05 as the screening criteria 

(Figure 4A; Supplementary Table S5). These included 3,278 DETs for 
intra-Group S comparisons, 720 DETs for intra-Group N comparisons, 
and 1,342 DETs for comparisons between Groups S and N. Among 
the 9 groups that were compared, 3 DET sets were of particular 
interest, all intersecting with N2 and comprising 627 DETs (Figure 4B). 
GO and KEGG analyses were performed on 5,340 DETs. In the 
biological process (BP) category, DETs were mainly enriched in the 
regulation of developmental processes, cellular component 
organization, and single-organism developmental processes 
(Figure 4C; Supplementary Table S6). Within the CC category, DETs 
were predominantly associated with the extracellular matrix, 
organelles, and the intermediate filament cytoskeleton (Figure 4C; 
Supplementary Table S6). Within the MF category, DETs were chiefly 
related to binding, protein binding, and glycosaminoglycan binding 
(Figure  4C; Supplementary Table S6). DETs were significantly 
enriched in the pathways of alcoholism, systemic lupus erythematosus, 
neutrophil extracellular trap formation, Rap1, estrogen, ECM-receptor 
interaction, phospholipase D, AMPK, and Ras signaling (Figure 4D; 
Supplementary Table S7).

Enrichment analysis of hair follicle 
development-related transcripts

To further identify the biological functions associated with HF 
development in sheep and their potential key transcripts. Cytoscape 
software was used to visualize GO terms and KEGG pathways in HF 
development. Enriched BP terms included hair cycle, hair cycle 
process, regulation of the hair cycle, follicle development, negative 
regulation of the hair cycle, positive regulation of follicle maturation, 
positive regulation of HF development, regulation of HF maturation, 
HF maturation, dermal development, regulation of epidermal 
development, positive regulation of epidermal development, and 
negative regulation of epidermal development. Relevant transcripts 
include the 23 genes, namely, KRT17, ROCK2, PRKCH, Ldb1, RBPJ, 
DBI, ERRFI1, DKK1, LRP4, ALOX15B, LAMA5, Trpv3, FZD3, MSX2, 
SOX9, HOXC13, NGFR, SMAD4, KRT84, TMEM79, LOC101108627, 

FIGURE 2

sample correlation analysis. (A) Principal component analysis of 24 samples. (B) Pearson correlation analysis of 24 samples.
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FIGURE 3

RT-qPCR results.

FIGURE 4

Characteristics of sheep skin tissue at different developmental stages. (A) Relationship between the number of DETs in wool sacs of sheep at different 
developmental stages. (B) Venn diagram of DETs. Due to the large number of comparison groups, data are presented in the form of an UpSet diagram. 
(C) Gene Ontology enrichment function results of DETs. biological process (BP), cellular component (CC), and molecular function (MF). (D) Kyoto 
Encyclopedia of Genes and Genomes enrichment analysis results of DETs (top 25).
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LOC101116039, and LOC654331 (Figure 5A; Supplementary Table S8). 
Similarly, in pathway analyses, 13 genes (KRT17, PRKCH, RBPJ, DBI, 
DKK1, FZD3, SMAD4, ALOX15B, LAMA5, NGFR, SOX9, ROCK2, 
and LOC101108627) were found to be enriched in Wnt, Notch, PPAR, 
estrogen, metabolic pathway, cAMP, PI3K-Akt, necroptosis, and 
vascular smooth muscle contraction signaling pathways. Interestingly, 
alongside the genes associated with GO terms and KEGG pathways, 
various genes, including LEF1, CTNNB1, WNT6, KRT25, WNT4, 
KRT40, KRT27, and BAMBI, were associated with our traits of interest 
(Figure 5B). Analogous to the previous GO and KEGG analyses, GO 
and KEGG analyses were conducted on the pathways potentially 
related to sheep wool follicle growth and progression at various stages. 
Additionally, a gene network diagram for these pathways was 
constructed according to their respective stages (Figure  5C; 
Supplementary Figure S1). Our results matched those described above 
and also uncovered several genes in sheep that may be involved in HF 

growth and development that interact with the above 
signaling pathways.

Dynamic expression patterns of DETs 
during HF development in sheep

A hierarchical cluster analysis of all DETs was performed to 
determine the expression patterns of DETs associated with HF 
development in sheep. This analysis revealed 2 major expression 
modules, namely, high and low expression during the S2 period 
(Figure 6A). Next, a time-series expression analysis was conducted on 
all DETs, which were classified into 10 expression modules based on 
changes in their expression patterns (Figure  6A). GO functional 
enrichment analysis was performed separately on these 10 modules, 
which identified 11 BP terms related to HF development in sheep 

FIGURE 5

Visualization of GO terms and DETs connected to the development of HFs in sheep. (A) Gene network diagram of biological process (BP) terms during 
HF morphogenesis in sheep. Red indicates joint effects across multiple BP terms, whereas blue indicates effects in a single BP term. The transcript 
numbers corresponding to the genes are listed in Supplementary Table S8. (B) Network visualization of Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways and their associated genes during HF morphogenesis in sheep. (C) Occurrence of signaling pathways, including Wnt, Notch, PPAR, 
estrogen, metabolic pathway, cAMP, PI3K-Akt, necroptosis, and vascular smooth muscle contraction, during sheep wool follicle morphogenesis. GO 
and KEGG functional enrichment analyses on pathways potentially related to sheep HF growth and development at various phases. The visual network 
diagram is displayed in Supplementary Figure S1.
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FIGURE 6

Time-series expression analysis of DETs. (A) Pattern analysis reveals that HFs development in sheep is stage-specific. Heatmap cluster analysis divides 
DETs into 2 modules, high expression in S2 and low expression in S2 (middle). On the left, DETs are primarily concentrated in 10 expression modules, 

(Continued)
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(Figure  6A; Supplementary Table S9). In Module 2, transcripts 
associated with HF development were enriched for processes 
including hair cycle, skin development, positive regulation of 
epidermis development, regulation of epidermis development, and 
epidermis development. These transcripts were characterized by low 
expression at S2 and high expression at N2 (Figure  6B; 
Supplementary Table S10). Module 4 was associated with similar 
processes, including regulation of hair cycle, regulation of epidermis 
development, epidermis development, and positive regulation of 
epidermis development, with the transcripts also showing low 
expression at S2 (Figure 6B; Supplementary Table S10). Analysis of the 
transcripts related to HF development in Modules 2 and 4 revealed 
that most showed strong expression in the anagen phase (S1), low 
expression during the telogen phase (S2), and a slight increase in 
expression during the early anagen phase (S3). In contrast, the N 
group exhibited a consistent decrease in expression (N1 and N2 in the 
anagen phase, and N3 in the slow anagen phase), which was defined 
as the A pattern (Figure 6C). Module 7 plays a key role in the hair 
cycle and hair cycle processes (Figure 6B; Supplementary Table S10). 
Its expression pattern is the opposite of that observed in Modules 2 
and 4 (low expression at S1, high expression at S2, and slightly reduced 
expression at S3). In the N group, the expression of N1, N2, and N3 
increased consistently, and this was defined as the T pattern 
(Figure 6C).

Motif enrichment analysis was performed on the promoters 
(2000 bp upstream and 500 bp downstream of the transcription start 
site) of HF development-related transcripts in Modules 2, 4, and 7 to 
determine whether the stage-specifically expressed transcripts were 
co-regulated by certain TFs. Motifs for TFs were predominantly 
enriched in the Kruppel-like factor family, Sp family, and ZNF family 
(Supplementary Table S11). Analysis of the expression patterns of 
these TFs revealed significant differences between S2 and N2, 
suggesting that these TFs may play an important role in regulating 
normal HF growth cycles (Figure  6B). TFs showed significant 
enrichment in BPs, including the regulation of gene expression, 
cellular macromolecule biosynthetic process, macromolecule 
biosynthetic process, and gene expression (Figures 6E–G). They are 
also involved in the dynamic regulation of signaling pathways 
including TGF-β, GnRH, Estrogen, and Apelin pathways 
(Figures 6F–H). Additionally, for screening A and T pattern transcripts 
among all DETs, a total of 1,005 A and T pattern transcripts were 
identified, comprising 605 A pattern and 400 T pattern transcripts 
(Figure 6D; Supplementary Table S12). KEGG analysis revealed that 
A pattern transcripts were primarily enriched in pathways related to 
systemic lupus erythematosus, alcoholism, neutrophil extracellular 
trap formation, estrogen signaling, necroptosis, and metabolic 
pathways (Figure  6D; Supplementary Figures S2A,B), whereas T 
pattern transcripts were mainly enriched in pathways associated with 
salivary secretion, oxytocin signaling, Apelin signaling, circadian 
entrainment, cGMP-PKG signaling, and Rap1 signaling (Figure 6D; 

Supplementary Figures S2C,D). The clustering of A and T pattern 
transcripts within these signaling pathways suggests a close 
relationship between A and T pattern transcripts and HF development.

WGCNA analysis identifies stage-specific 
co-expression modules

The KRT Family Members are one of the main components of 
wool tissue structure and serve as an important marker for HF growth 
and development (17). The expression of 26 KRTs in the sequencing 
results was analyzed in this study. The overall trend of KRTs is shown 
as A pattern. The homogenization of the expression of 21 KRTs 
matching this pattern was calculated (Figure  7A; 
Supplementary Table S13). Correlation analysis between KRT family 
as an indicator of hair follicle development status (Phenotypic data) 
and transcript expression. The results showed that groups S1, N1, and 
N2 had the highest correlation with the development status data, 
followed by groups S3 and N3, whereas group S2 showed the least 
correlation (Figures 7B,C). In this clustering, N2 was grouped with S1 
and N1, indicating its closer association with the HF anagen period. 
The expression of KRTs in the S2 stage was significantly lower than 
that in the S3 stage (the early anagen phase), being only 24% of the 
anagen phase level, suggesting that S2 represents the telogen phase of 
HFs (Figure 7A). In summary, the developmental status of HFs in 
groups S and N was further confirmed, wherein S1, N1 and N2 
corresponded to the anagen phase, S2 corresponded to the telogen 
phase, S3 cor-responded to the early anagen phase, and N3 
corresponded to the slow anagen phase. These results correspond with 
those from PCA and time-series expression analysis.

To construct the co-expression network of 24 samples, we chose 
β = 5 to construct the TOM clustering tree and merged similar modules 
(modules with 75% feature gene similarity), resulting in 9 modules 
(Supplementary Figure S3). The expression pattern heatmap showed 
that the MEturquoise (cor = 0.95, p = 4e-12), MEred (cor = 0.81, 
p = 1e-06), and MEgreen (cor = −0.56, p = 0.004) modules were 
significantly correlated with KRTs (Figure 7D). Therefore, transcripts 
from these 3 modules were chosen for GO (BP) and KEGG analyses. 
The red module was significantly enriched for negative regulation of 
HF maturation, regulation of the hair cycle, negative regulation of the 
hair cycle, and epidermis development. The green module was enriched 
for epithelial cell differentiation, epithelial cell–cell adhesion, and skin 
epidermis development related to HF development. The turquoise 
module was mainly enriched for positive regulation of epidermis 
development, positive regulation of HF development, and regulation 
of epidermis development (Figure 7D; Supplementary Table S14). In 
combination with DETs and time-series expression analysis, the gene 
relationships between Wnt, Ras, PI3K-Akt, MAPK, focal adhesion, and 
Rap1 pathways using KEGG are shown in Figure  7E 
(Supplementary Table S14). Grounded in the candidate genes 

with the enriched terms related to the corresponding biological processes (Top 4) shown on the right. (B) Genes related to HF development in sheep 
are primarily concentrated in modules 2, 4, and 7 (p < 0.05). The corresponding biological processes, genes, and TFs are shown on the right. The 
transcript numbers corresponding to the genes are listed in Supplementary Table 10. (C) Patterns A (intense expression throughout the anagen phase) 
and T (intense expression during the telogen phase). Bold dashed lines indicate the main modes (average) of A and T patterns. (D) Summary of the A 
and T pattern of all DETs. (E–G) TFs are mainly enriched in Gene Ontology terms (Top 20). Visualization using enrichment circles and z-score bubble 
charts. (F–H) TFs are mainly enriched in Kyoto Encyclopedia of Genes and Genomes terms (Top 20). Bubble charts and secondary classification bar 
charts are shown.

FIGURE 6 (Continued)
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connected to HF development in sheep (Supplementary Table S15), 11 
core genes (|MM| ≥ 0.75), namely, DBI, FZD3, KRT17, ZDHHC21, 
TGM3, DSG4, TMEM79, KRT84, HOXC13, LOC101116039, and MSX2 
were identified in the red, green, and turquoise modules as being 
involved in the control of HF growth and development in sheep.

Analysis of alternative splicing events 
related to HF development in sheep

Alternative splicing is an important regulatory modality affecting 
HF development in sheep. To investigate its effect on the cyclic 
development of sheep HF, rMTAS software was used to analyze 
transcriptome data of sheep skin. Differential alternative splicing 
events were identified in the three transition phases (anagen-telogen, 
telogen-early anagen, early anagen-anagen) within the S group and the 
N group. All 6 comparison groups showed the most ES-type 
differential alternative splicing events (Figure  8A; 

Supplementary Table S16). Among these, the alternative splicing 
events that were significantly different only in the transition periods 
of group S were of particular interest as they may be closely related to 
HF development in sheep (Figure 8B). GO (BP) enrichment function 
analysis of the 6 comparison groups showed that they were mainly 
significantly enriched in metabolic process regulation, negative 
regulation of actin filament depolymerization, and organization of 
ribonucleoprotein complex subunits. In addition, they were also 
significantly enriched in skin development and HF development 
(Figure 8C). Intersecting these results with the genes related to HF 
development identified the ZDHHC21 (Figure  8D). Among its 
transcripts, XM_012125908.3, XM_004004383.4, XM_012125943.3, 
and XM_012125926.3 were consistently expressed in group S but 
abnormally expressed in group N (Figure 8D).

The prediction of transcription factors (TFs) for the ZDHHC21 
revealed that FOXK1 (XM_027962013.1) exhibited an expression 
pattern opposite to that of the ZDHHC21 transcript (Figure 8D). The 
alternative splicing events in ZDHHC21 were further analyzed. 

FIGURE 7

Weighted gene co-expression network analysis. Note: (A) Normalized expression pattern of the KRT family. The color indicates the expression pattern 
of 21 KRTs (A pattern). The bold, black dashed line indicates the main pattern of KRTs, whereas the red dashed line represents the deleted value, which 
does not appear in the subsequent analysis. (B,C) Hierarchical clustering tree of KRTs and sheep skin transcript expression. Figure B shows the 
clustering of the main pattern of KRTs and 24 samples, and Figure C shows the clustering of 21 KRTs and transcripts at each stage. (D) Expression 
clustering of transcripts in 3 key modules. Biological process terms related to HF development corresponding to the key modules are enriched on the 
right, with related TF genes and leading sequence motifs displayed beside each module. (E) Pathways related to HF development in sheep.
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XM_004004383.4 and XM_012125926.3 of ZDHHC21 exhibited exon 
skipping events at CDS8 (89854756–89,854,889), whereas 
XM_012125943.3 had an intron retention event at CDS8 (Figure 8E). 
In the S1-vs-S2 comparison, the SJC_S2 of ZDHHC21 was nearly 
double that of IJC_S2. In contrast, in the N1-vs-N2 comparison, the 
difference between SJC_N2 and IJC_N2 was smaller, highlighting a 
significant contrast with the S1-vs-S2 comparison (Figure  8E). 
Combining the expression of the 3 transcripts, it was predicted that 
XM_004004383.4 and XM_012125926.3 of ZDHHC21 might play a 
decisive role in HF development in sheep (Figures 8D,E). In summary, 

there were notable differences in the reads of the final processed 
mRNA transcripts of ZDHHC21 after alternative splicing in groups S 
and N, which may directly affect the growth and developmental 
status of HFs.

Discussion

In mammals, each mature HF functions as a regenerative system, 
enabling animal hair to grow in a regular pattern (33). Understanding 

FIGURE 8

Analysis of alternative splicing events related to hair follicle development in sheep. (A) Analysis of differential alternative splicing events across 3 
transition periods. (B) Venn diagram showing the 6 comparison groups. Alternative splicing events that are significantly different only in the S group 
transition period are highlighted. (C) Top 5 biological processes of the 6 comparison groups. (D) Venn diagram of differential alternative splicing events, 
differentially expressed transcripts and Pattern Analysis. The right side shows the expression of ZDHHC21 transcripts, related TFs, and the top 
representative sequence motifs. (E) Detailed analysis of alternative splicing positions of the ZDHHC21 gene. IJC indicates the number of relevant reads 
that support the retention of the skipped exon (exon inclusion), which will appear in the mature mRNA after splicing. SJC records the number of 
relevant reads supporting the splicing of the skipped exon (exon skipping), which is excised during alternative splicing and does not appear in mature 
mRNA.

https://doi.org/10.3389/fvets.2024.1489379
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Yuan et al. 10.3389/fvets.2024.1489379

Frontiers in Veterinary Science 13 frontiersin.org

the morphological and molecular mechanisms underlying the normal 
growth and development of wool follicles in sheep is crucial for 
advancing our knowledge of hair growth biology and the genetic 
underpinnings of wool traits. In this analysis, we selected skin tissues 
from Dorper sheep in September, January, and March for 
histomorphological analysis between the shedding and non-shedding 
groups. In group S, HFs developed in a rhythmic cyclical manner, 
from anagen (S1) to telogen (S2) and re-entered the early anagen 
phase (S3). In group N, HFs in the telogen phase (N2) still exhibited 
growing and developing hair buds, indicating that the follicles did not 
follow a cyclic pattern and remained in a constant state of growth and 
development. Wool shedding was found to be  a cyclic process 
involving the growth and development of SHFs, shedding of wool, and 
subsequent hair regrowth (4, 5, 34). Standardized diameter 
measurements (μm) of SHFs in groups S and N revealed highly 
significant differences in SHFs only in January (telogen phase), with 
no significant differences observed in September or March. This 
finding indicated that HFs in the N2 period were in a constant state of 
growth and development. Additionally, the growth and developmental 
state of HFs in group S was determined to be in the anagen phase in 
September, the telogen phase in January, and the early anagen phase 
in March, which was consistent with that in previous studies 
(12, 35–37).

From a transcriptome perspective, 3,278, 720, and 1,342 DETs 
were identified in the S, N, and S-vs-N groups. DETs were significantly 
enriched in signaling pathways such as the Rap1, estrogen, 
ECM-receptor interaction, phospholipase D, AMPK, NOTCH, 
MAPK, and Ras pathways. Previous studies have shown that the PI3K-
Akt, MAPK, NOD-like receptor, ECM-receptor interaction and Rap1 
pathways are involved in the growth and development of hair follicles 
in cashmere goats (14, 18). Additionally, the PPAR pathway plays a 
role in HF development, control of keratinocyte differentiation, and 
the development of functional skin barrier (38, 39). The MAPK 
signaling pathway is crucial in mammalian HFs and plays a role in 
keratinocyte differentiation, epidermal cell differentiation, and 
multicellular biological development (8, 40). High-throughput 
transcriptome sequencing identified differences in gene expression 
between primary and secondary hair follicles and showed that 
angiogenesis, ECM receptor interactions, and the Wnt/β-catenin/Lef1 
signaling pathway are closely associated with hair follicle 
morphogenesis (34). The Notch pathway plays a key role in 
determining cell fate, regulating the proliferation and differentiation 
of epidermal tissue cells, and wound healing (41, 42). Notch signaling 
plays a role in the late stage of embryonic hair follicle formation, and 
hair lacking Notch signaling will appear abnormal (43). In addition, 
during the development of hair follicles in mice, knocking out 
β-catenin prevents the formation of dermal condensates, underscoring 
the critical role of the LEF/TCF/β-catenin signaling pathway in 
regulating dermal condensate formation (44–47). DKK1 inhibits the 
Wnt signaling pathway by blocking the phosphorylation of β-catenin, 
thereby inducing hair follicle regression (48). The PI3K/Akt signaling 
pathway is essential for maintaining and restoring the hair-inductive 
capacity of human dermal cells and promoting hair follicle 
regeneration (49, 50). Furthermore, the PI3K/Akt, Wnt, Notch, and 
BMP signaling pathways participate in the growth and development 
of hair follicles and skin tissues in Rex rabbits. These pathways also 
facilitate the transition of hair follicles from the anagen phase to the 
catagen and telogen phases, affecting hair density in Rex rabbits (51). 

In this study, the Rap1, Ras, MAPK, phospholipase D, and estrogen 
signaling pathways were significantly enriched in the S1-vs-S2 
comparison group, suggesting that these pathways and their associated 
genes may regulate the transition of HFs from the anagen to the 
telogen phase. In the S2-vs-S3 comparison group, the PPAR, 
ECM-receptor interaction, PI3K-Akt, AMPK, and focal adhesion 
signaling pathways were significantly enriched, indicating that genes 
in these pathways may play a role in the transition from the telogen to 
the early anagen phase, stimulating the generation of new hair shafts 
and leading to the timely shedding of old wool. The Rap1, estrogen, 
and Ras pathways were significantly re-enriched in the S3-vs-S1 
comparison group, suggesting their crucial role in facilitating the 
cycling process of HFs from the early anagen phase to the anagen 
phase. The N1-vs-N2 comparison group did not show significant 
enrichment in pathways such as Rap1, estrogen, MAPK, and 
phospholipase D pathways compared with that in the S group. 
However, these pathways appeared in the N2-vs-N3 comparison 
group. The Rap1, estrogen, ECM-receptor interaction, and Ras 
pathways were significantly enriched in the N3-vs-N1 comparison 
group and were similar to the enrichment results noted in the S3-vs-S1 
comparison group. These results indicated that the HFs in group N 
did not enter the telogen phase. Thus, it could be concluded that the 
HFs in group N did not follow a cyclic pattern and were always in a 
state of growth and development. The results of this study align with 
findings from previous research on cashmere goats, mice, and even 
human dermal cells. The PI3K-Akt signaling pathway and 
ECM-receptor interactions play important roles in the transition from 
the telogen to the anagen phase and serve as candidate biomarkers for 
this regeneration (14). Compared to our study, the PI3K/Akt pathway 
in Rex rabbits primarily facilitates the transition of hair follicles from 
the anagen phase to the telogen, contrary to our findings, suggesting 
that PI3K/Akt expression may vary across different mammals. 
Furthermore, The PI3K-Akt signaling pathway is crucial for regulating 
keratinocyte survival and proliferation, among other functions (52).

Using time series expression analysis and WGCNA, MSX2 (53), 
HOXC13 (54), DBI, FZD3 (55), ZDHHC21 (56), PRKCH, 
LOC101116039, KRT17 (57), DSG4 (58), TMEM79 (59), and 
LOC101108627 were determined to be associated with sheep hair 
follicle development. Additionally, ALOX15B, LOC654331, SFN, 
Ldb1 (60), DKK1 (61), NGFR (62), LAMA5 (63), SMAD4 (64), and 
LRP4 (65, 66) were found to be associated with hair cycle processes, 
skin development, epidermis development, and hair cycle regulation. 
The above genes related to hair follicle development showed stage-
specific expression, with MSX2, HOXC13, KRT17, DBI, FZD3, and 
ZDHHC21 showing the highest expression during the anagen phase 
(A pattern). In contrast, Ldb1, DKK1, NGFR, LAMA5, SMAD4, and 
LRP4 were highest expressed during the telogen phase (T pattern). In 
addition, The KRT family is a major component of wool, and the 
keratins KRT25, KRT27, KRT19, KRT10, KRT77, KRT1, and others 
are regarded as markers of the hair follicle cycle. They are significantly 
enriched in estrogen and ECM-receptor interaction signaling 
pathways and play a very important role in the development of 
secondary hair follicles (17). KRTs have been associated with the 
development of the hair follicle in yaks, and gene expression 
correlation analysis of the keratin family revealed a strong positive 
correlation of KRTs mainly throughout the hair follicle development 
cycle (67). TFs such as TCF3, TCF4, ZNF740, EGR1, FLI1, SP1, E2F6, 
and ZNF148, among others, were predicted to regulate these genes 
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associated with HF growth and development. Signaling pathways 
were significantly enriched with these TFs, as revealed by functional 
enrichment analysis such as the TGF-β, GnRH, estrogen, and apelin 
pathways. Previous studies have demonstrated that transcription 
factors such as EGR1, LEF1, HOXC13, RBPJ, VDR, RARA, and STAT3 
have stage-specific roles in HF morphogenesis (11). The study shows 
that EGR1 is closely associated with HF growth and development and 
plays a crucial role in embryonic organ formation (68–71). The TFs 
Lefl and Twisare expressed in the early stages of dermal condensates 
(44, 47). The role of CUX1 in vitro dermal papilla cell proliferation 
may be regulated by SP1 and KROX20 (72). Additionally, ZDHHC21 
has been identified as the key gene affecting HF morphogenesis in 
Merino sheep (18). Members of the ZDHHC family mediate post-
translational modifications via palmitoylation, with the ZDHHC21 
protein being specifically expressed in the skin and restricted to a 
particular hair lineage. Loss of ZDHHC21 function results in delayed 
hair shaft differentiation at the gene expression level (56). In the 
current study, analysis of alternative splicing events in the ZDHHC21 
gene revealed a significant exon skipping event in the S1-vs-S2 
comparison, with SJC_S2 being almost twice that of IJC_S2, unlike 
that in the N1-vs-N2 comparison. Based on the transcript expression 
of the ZDHHC21 gene, we  could predict that the isoforms 
XM_004004383.4 and XM_012125926.3 may play a crucial role in 
HF development in sheep. Additionally, alternative splicing, a key 
mode of transcriptional regulation, showed differences in the mRNA 
reads of the ZDHHC21 Isomers between groups S and N, which may 
directly influence HF growth and development.

Conclusion

RNA-seq was used to sequence skin tissues from sheep HFs during 
the anagen, telogen, and early anagen phases, which led to the 
identification of key candidate genes and their corresponding transcripts 
associated with HF development in sheep. For example, HOXC13, DBI, 
FZD3, ZDHHC21, KRT8, and SMAD4. Several signaling pathways 
related to HF development, including the Rap1, Ras, MAPK, Jak–STAT, 
and PI3K-Akt pathways, were identified across the 3 HF development 
stages. Furthermore, it was found that the XM_004004383.4 and 
XM_012125926.3 transcripts of the ZDHHC21 gene may play a decisive 
role in the development of HF in sheep. This study serves as a valuable 
resource for interpreting the morphology of normal HF growth and 
development in sheep, elucidating the genetic basis of mammalian skin–
associated traits, and offering potential insights into the molecular 
mechanisms of human hair growth and development.

Data availability statement

The datasets presented in this study can be found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found at: https://www.ncbi.nlm.nih.gov/bioproject; 
PRJNA963059.

Ethics statement

The animal study was approved by All sample collections followed 
the guidelines of the Experimental Animal Welfare Ethics Committee 
of Ningxia University (Animal Ethics Approval No. NXU-19-018). 
The study was conducted in accordance with the local legislation and 
institutional requirements.

Author contributions

XY: Conceptualization, Formal analysis, Methodology, Validation, 
Visualization, Writing – original draft, Writing – review & editing. 
KM: Investigation, Writing – review & editing. YaW: Investigation, 
Writing – review & editing. YiW: Data curation, Formal analysis, 
Writing – review & editing. CP: Writing – review & editing. HS: 
Writing – review & editing. JW: Conceptualization, Methodology, 
Supervision, Writing – review & editing. XL: Conceptualization, 
Funding acquisition, Methodology, Project administration, 
Supervision, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This study was 
funded by the National Natural Science Foundation of China 
Screening of key molecules and construction of regulatory networks 
for sheep shedding traits (No. 31960650).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fvets.2024.1489379/
full#supplementary-material

References
 1. Schneider MR, Schmidt-Ullrich R, Paus R. The hair follicle as a dynamic miniorgan. 

Curr Biol. (2009) 19:R132–42. doi: 10.1016/j.cub.2008.12.005
 2. Houschyar KS, Borrelli MR, Tapking C, Popp D, Puladi B, Ooms M, et al. Molecular 

mechanisms of hair growth and regeneration: current understanding and novel 

https://doi.org/10.3389/fvets.2024.1489379
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/bioproject
https://www.frontiersin.org/articles/10.3389/fvets.2024.1489379/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2024.1489379/full#supplementary-material
https://doi.org/10.1016/j.cub.2008.12.005


Yuan et al. 10.3389/fvets.2024.1489379

Frontiers in Veterinary Science 15 frontiersin.org

paradigms. Dermatology (Basel, Switzerland). (2020) 236:271–80. doi: 
10.1159/000506155

 3. Galbraith H. Fundamental hair follicle biology and fine fibre production in animals. 
Animal: Int J Animal Biosci. (2010) 4:1490–509. doi: 10.1017/s175173111000025x

 4. Baker RE, Murray PJ. Understanding hair follicle cycling: a systems approach. Curr 
Opin Genet Dev. (2012) 22:607–12. doi: 10.1016/j.gde.2012.11.007

 5. Su R, Gong G, Zhang L, Yan X, Wang F, Zhang L, et al. Screening the key genes of 
hair follicle growth cycle in inner Mongolian cashmere goat based on RNA sequencing. 
Archives animal breeding. (2020) 63:155–64. doi: 10.5194/aab-63-155-2020

 6. Li C, He X, Wu Y, Li J, Zhang R, An X, et al. Single-cell transcriptome sequence 
profiling on the morphogenesis of secondary hair follicles in Ordos fine-wool sheep. Int 
J Mol Sci. (2024) 25:25. doi: 10.3390/ijms25010584

 7. Veltri A, Lang C, Lien WH. Concise review: Wnt signaling pathways in skin 
development and epidermal stem cells. Stem cells (Dayton, Ohio). (2018) 36:22–35. doi: 
10.1002/stem.2723

 8. Akilli Öztürk Ö, Pakula H, Chmielowiec J, Qi J, Stein S, Lan L, et al. Gab1 and Mapk 
signaling are essential in the hair cycle and hair follicle stem cell quiescence. Cell Rep. 
(2015) 13:561–72. doi: 10.1016/j.celrep.2015.09.015

 9. Botchkarev VA. Bone morphogenetic proteins and their antagonists in skin and 
hair follicle biology. J Invest Dermatol. (2003) 120:36–47. doi: 
10.1046/j.1523-1747.2003.12002.x

 10. Zhang Y, Wang L, Li Z, Chen D, Han W, Wu Z, et al. Transcriptome profiling 
reveals transcriptional and alternative splicing regulation in the early embryonic 
development of hair follicles in the cashmere goat. Sci Rep. (2019) 9:17735. doi: 10.1038/
s41598-019-54315-7

 11. Zhao B, Luo H, He J, Huang X, Chen S, Fu X, et al. Comprehensive transcriptome 
and methylome analysis delineates the biological basis of hair follicle development and 
wool-related traits in merino sheep. BMC Biol. (2021) 19:197. doi: 10.1186/
s12915-021-01127-9

 12. Wang S, Ge W, Luo Z, Guo Y, Jiao B, Qu L, et al. Integrated analysis of coding genes 
and non-coding RNAs during hair follicle cycle of cashmere goat (Capra hircus). BMC 
Genomics. (2017) 18:767. doi: 10.1186/s12864-017-4145-0

 13. Foldes A, Hoskinson RM, Baker P, McDonald BJ, Maxwell CA, Restall BJ. Effect 
of immunization against melatonin on seasonal fleece growth in feral goats. J Pineal Res. 
(1992) 13:85–94. doi: 10.1111/j.1600-079X.1992.tb00059.x

 14. Li C, Feng C, Ma G, Fu S, Chen M, Zhang W, et al. Time-course RNA-seq analysis 
reveals stage-specific and melatonin-triggered gene expression patterns during the hair 
follicle growth cycle in Capra hircus. BMC Genomics. (2022) 23:140. doi: 10.1186/
s12864-022-08331-z

 15. Rile N, Liu Z, Gao L, Qi J, Zhao M, Xie Y, et al. Expression of vimentin in hair 
follicle growth cycle of inner Mongolian cashmere goats. BMC Genomics. (2018) 19:38. 
doi: 10.1186/s12864-017-4418-7

 16. Gao Y, Wang X, Yan H, Zeng J, Ma S, Niu Y, et al. Comparative transcriptome 
analysis of fetal skin reveals key genes related to hair follicle morphogenesis in cashmere 
goats. PLoS One. (2016) 11:e0151118. doi: 10.1371/journal.pone.0151118

 17. Gao WZ, Xue HL, Yang JJSRR. Proteomics analysis of the secondary hair follicle 
cycle in Liaoning cashmere goat. Small Rumin Res. (2021) 201:106408. doi: 10.1016/j.
smallrumres.2021.106408

 18. He J, Zhao B, Huang X, Fu X, Liu G, Tian Y, et al. Gene network analysis reveals 
candidate genes related with the hair follicle development in sheep. BMC Genomics. 
(2022) 23:428. doi: 10.1186/s12864-022-08552-2

 19. Galán-Vásquez E, Perez-Rueda E. Identification of modules with similar gene 
regulation and metabolic functions based on co-expression data. Front Mol Biosci. 
(2019) 6:139. doi: 10.3389/fmolb.2019.00139

 20. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation network 
analysis. BMC Bioinfo. (2008) 9:559. doi: 10.1186/1471-2105-9-559

 21. Wu Z, Hai E, Di Z, Ma R, Shang F, Wang Y, et al. Using WGCNA (weighted gene 
co-expression network analysis) to identify the hub genes of skin hair follicle 
development in fetus stage of Inner Mongolia cashmere goat. PLoS One. (2020) 
15:e0243507. doi: 10.1371/journal.pone.0243507

 22. Gong G, Fan Y, Yan X, Li W, Yan X, Liu H, et al. Identification of genes related to 
hair follicle cycle development in Inner Mongolia cashmere goat by WGCNA. Front Vet 
Sci. (2022) 9:894380. doi: 10.3389/fvets.2022.894380

 23. Wang J, Sui J, Mao C, Li X, Chen X, Liang C, et al. Identification of key pathways 
and genes related to the development of hair follicle cycle in cashmere goats. Gene. 
(2021) 12:12. doi: 10.3390/genes12020180

 24. He X, Chao Y, Zhou G, Chen Y. Fibroblast growth factor 5-short (FGF5s) inhibits 
the activity of FGF5  in primary and secondary hair follicle dermal papilla cells of 
cashmere goats. Gene. (2016) 575:393–8. doi: 10.1016/j.gene.2015.09.034

 25. Imamura T. Physiological functions and underlying mechanisms of fibroblast growth 
factor (FGF) family members: recent findings and implications for their pharmacological 
application. Biol Pharm Bull. (2014) 37:1081–9. doi: 10.1248/bpb.b14-00265

 26. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with 
low memory requirements. Nat Methods. (2015) 12:357–60. doi: 10.1038/ 
nmeth.3317

 27. Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL. 
StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nat 
Biotechnol. (2015) 33:290–5. doi: 10.1038/nbt.3122

 28. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion 
for RNA-seq data with DESeq2. Genome Biol. (2014) 15:550. doi: 10.1186/
s13059-014-0550-8

 29. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: 
a software environment for integrated models of biomolecular interaction networks. 
Genome Res. (2003) 13:2498–504. doi: 10.1101/gr.1239303

 30. Shen S, Park JW, Lu ZX, Lin L, Henry MD, Wu YN, et al. rMATS: robust and 
flexible detection of differential alternative splicing from replicate RNA-Seq data. Proc 
Natl Acad Sci USA. (2014) 111:E5593–601. doi: 10.1073/pnas.1419161111

 31. Park E, Pan Z, Zhang Z, Lin L, Xing Y. The expanding landscape of alternative 
splicing variation in human populations. Am J Hum Genet. (2018) 102:11–26. doi: 
10.1016/j.ajhg.2017.11.002

 32. Bailey TL, Johnson J, Grant CE, Noble WS. The MEME suite. Nucleic Acids Res. 
(2015) 43:W39–49. doi: 10.1093/nar/gkv416

 33. Balañá ME, Charreau HE, Leirós GJ. Epidermal stem cells and skin tissue 
engineering in hair follicle regeneration. World J Stem Cells. (2015) 7:711–27. doi: 
10.4252/wjsc.v7.i4.711

 34. Zhu B, Xu T, Yuan J, Guo X, Liu D. Transcriptome sequencing reveals differences 
between primary and secondary hair follicle-derived dermal papilla cells of the cashmere 
goat (Capra hircus). PLoS One. (2013) 8:e76282. doi: 10.1371/journal.pone.0076282

 35. Yang M, Song S, Dong K, Chen X, Liu X, Rouzi M, et al. Skin transcriptome reveals 
the intrinsic molecular mechanisms underlying hair follicle cycling in cashmere goats 
under natural and shortened photoperiod conditions. Sci Rep. (2017) 7:13502. doi: 
10.1038/s41598-017-13986-w

 36. Geng R, Yuan C, Chen Y. Exploring differentially expressed genes by RNA-Seq in 
cashmere goat (Capra hircus) skin during hair follicle development and cycling. PLoS 
One. (2013) 8:e62704. doi: 10.1371/journal.pone.0062704

 37. Han W, Li X, Wang L, Wang H, Yang K, Wang Z, et al. Expression of fox-related 
genes in the skin follicles of Inner Mongolia cashmere goat. Asian Australas J Anim Sci. 
(2018) 31:316–26. doi: 10.5713/ajas.17.0115

 38. Hanley K, Kömüves LG, Bass NM, He SS, Jiang Y, Crumrine D, et al. Fetal 
epidermal differentiation and barrier development in vivo is accelerated by nuclear 
hormone receptor activators. J Invest Dermatol. (1999) 113:788–95. doi: 
10.1046/j.1523-1747.1999.00743.x

 39. Hanley K, Jiang Y, Crumrine D, Bass NM, Appel R, Elias PM, et al. Activators of the 
nuclear hormone receptors PPARalpha and FXR accelerate the development of the fetal 
epidermal permeability barrier. J Clin Invest. (1997) 100:705–12. doi: 10.1172/jci119583

 40. Li HM, Liu P, Zhang XJ, Li LM, Jiang HY, Yan H, et al. Combined proteomics and 
transcriptomics reveal the genetic basis underlying the differentiation of skin appendages 
and immunity in pangolin. Sci Rep. (2020) 10:14566. doi: 10.1038/s41598-020-71513-w

 41. Nusse R, Clevers H. Wnt/beta-catenin signaling, disease, and emerging therapeutic 
modalities. Cell. (2017) 169:985–99. doi: 10.1016/j.cell.2017.05.016

 42. Shi Y, Shu B, Yang R, Xu Y, Xing B, Liu J, et al. Wnt and Notch signaling pathway 
involved in wound healing by targeting c-Myc and Hes1 separately. Stem Cell Res Ther. 
(2015) 6:120. doi: 10.1186/s13287-015-0103-4

 43. Vauclair S, Nicolas M, Barrandon Y, Radtke F. Notch1 is essential for postnatal hair 
follicle development and homeostasis. Dev Biol. (2005) 284:184–93. doi: 10.1016/j.
ydbio.2005.05.018

 44. Mok KW, Saxena N, Heitman N, Grisanti L, Srivastava D, Muraro MJ, et al. Dermal 
condensate niche fate specification occurs prior to formation and is placode progenitor 
dependent. Dev Cell. (2019) 48:e35:32–48.e5. doi: 10.1016/j.devcel.2018.11.034

 45. Huelsken J, Vogel R, Erdmann B, Cotsarelis G, Birchmeier W. beta-catenin controls 
hair follicle morphogenesis and stem cell differentiation in the skin. Cell. (2001) 
105:533–45. doi: 10.1016/s0092-8674(01)00336-1

 46. Zhang Y, Tomann P, Andl T, Gallant NM, Huelsken J, Jerchow B, et al. Reciprocal 
requirements for EDA/EDAR/NF-kappaB and Wnt/beta-catenin signaling pathways in 
hair follicle induction. Dev Cell. (2009) 17:49–61. doi: 10.1016/j.devcel.2009.05.011

 47. Ge W, Tan SJ, Wang SH, Li L, Sun XF, Shen W, et al. Single-cell transcriptome 
profiling reveals dermal and epithelial cell fate decisions during embryonic hair follicle 
development. Theranostics. (2020) 10:7581–98. doi: 10.7150/thno.44306

 48. Greco V, Chen T, Rendl M, Schober M, Pasolli HA, Stokes N, et al. A two-step 
mechanism for stem cell activation during hair regeneration. Cell Stem Cell. (2009) 
4:155–69. doi: 10.1016/j.stem.2008.12.009

 49. Yamane M, Seo J, Zhou Y, Asaba T, Tu S, Nanmo A, et al. Effects of the PI3K/Akt 
signaling pathway on the hair inductivity of human dermal papilla cells in hair beads. J 
Biosci Bioeng. (2022) 134:55–61. doi: 10.1016/j.jbiosc.2022.03.010

 50. Chen Y, Fan Z, Wang X, Mo M, Zeng SB, Xu RH, et al. PI3K/Akt signaling pathway 
is essential for de novo hair follicle regeneration. Stem Cell Res Ther. (2020) 11:144. doi: 
10.1186/s13287-020-01650-6

 51. Liu G, Li S, Liu H, Zhu Y, Bai L, Sun H, et al. The functions of ocu-miR-205 in 
regulating hair follicle development in rex rabbits. BMC Dev Biol. (2020) 20:8. doi: 
10.1186/s12861-020-00213-5

https://doi.org/10.3389/fvets.2024.1489379
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1159/000506155
https://doi.org/10.1017/s175173111000025x
https://doi.org/10.1016/j.gde.2012.11.007
https://doi.org/10.5194/aab-63-155-2020
https://doi.org/10.3390/ijms25010584
https://doi.org/10.1002/stem.2723
https://doi.org/10.1016/j.celrep.2015.09.015
https://doi.org/10.1046/j.1523-1747.2003.12002.x
https://doi.org/10.1038/s41598-019-54315-7
https://doi.org/10.1038/s41598-019-54315-7
https://doi.org/10.1186/s12915-021-01127-9
https://doi.org/10.1186/s12915-021-01127-9
https://doi.org/10.1186/s12864-017-4145-0
https://doi.org/10.1111/j.1600-079X.1992.tb00059.x
https://doi.org/10.1186/s12864-022-08331-z
https://doi.org/10.1186/s12864-022-08331-z
https://doi.org/10.1186/s12864-017-4418-7
https://doi.org/10.1371/journal.pone.0151118
https://doi.org/10.1016/j.smallrumres.2021.106408
https://doi.org/10.1016/j.smallrumres.2021.106408
https://doi.org/10.1186/s12864-022-08552-2
https://doi.org/10.3389/fmolb.2019.00139
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1371/journal.pone.0243507
https://doi.org/10.3389/fvets.2022.894380
https://doi.org/10.3390/genes12020180
https://doi.org/10.1016/j.gene.2015.09.034
https://doi.org/10.1248/bpb.b14-00265
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1073/pnas.1419161111
https://doi.org/10.1016/j.ajhg.2017.11.002
https://doi.org/10.1093/nar/gkv416
https://doi.org/10.4252/wjsc.v7.i4.711
https://doi.org/10.1371/journal.pone.0076282
https://doi.org/10.1038/s41598-017-13986-w
https://doi.org/10.1371/journal.pone.0062704
https://doi.org/10.5713/ajas.17.0115
https://doi.org/10.1046/j.1523-1747.1999.00743.x
https://doi.org/10.1172/jci119583
https://doi.org/10.1038/s41598-020-71513-w
https://doi.org/10.1016/j.cell.2017.05.016
https://doi.org/10.1186/s13287-015-0103-4
https://doi.org/10.1016/j.ydbio.2005.05.018
https://doi.org/10.1016/j.ydbio.2005.05.018
https://doi.org/10.1016/j.devcel.2018.11.034
https://doi.org/10.1016/s0092-8674(01)00336-1
https://doi.org/10.1016/j.devcel.2009.05.011
https://doi.org/10.7150/thno.44306
https://doi.org/10.1016/j.stem.2008.12.009
https://doi.org/10.1016/j.jbiosc.2022.03.010
https://doi.org/10.1186/s13287-020-01650-6
https://doi.org/10.1186/s12861-020-00213-5


Yuan et al. 10.3389/fvets.2024.1489379

Frontiers in Veterinary Science 16 frontiersin.org

 52. Hochmann J, Sobrinho JS, Villa LL, Sichero L. The Asian-American variant of 
human papillomavirus type 16 exhibits higher activation of MAPK and PI3K/AKT 
signaling pathways, transformation, migration and invasion of primary human 
keratinocytes. Virology. (2016) 492:145–54. doi: 10.1016/j.virol.2016.02.015

 53. Hughes MW, Jiang TX, Plikus MV, Guerrero-Juarez CF, Lin CH, Schafer C, et al. 
Msx2 supports epidermal competency during wound-induced hair follicle Neogenesis. 
J Invest Dermatol. (2018) 138:2041–50. doi: 10.1016/j.jid.2018.02.043

 54. Wang S, Luo Z, Zhang Y, Yuan D, Ge W, Wang X. The in consistent regulation of 
HOXC13 on different keratins and the regulation mechanism on HOXC13 in cashmere 
goat (Capra hircus). BMC Genomics. (2018) 19:630. doi: 10.1186/s12864-018-5011-4

 55. Huang D, Ding H, Wang Y, Cheng G, Wang X, Leng T, et al. Hair follicle 
transcriptome analysis reveals differentially expressed genes that regulate wool Fiber 
diameter in angora rabbits. Biology. (2023) 12:12. doi: 10.3390/biology12030445

 56. Mill P, Lee AW, Fukata Y, Tsutsumi R, Fukata M, Keighren M, et al. Palmitoylation 
regulates epidermal homeostasis and hair follicle differentiation. PLoS Genet. (2009) 
5:e1000748. doi: 10.1371/journal.pgen.1000748

 57. Chen Y, Bao Z, Liu M, Li J, Dai Y, Wang F, et al. Promoter methylation changes in 
KRT17: a novel epigenetic marker for wool production in angora rabbit. Int J Mol Sci. 
(2022) 23:23. doi: 10.3390/ijms23116077

 58. Owens P, Bazzi H, Engelking E, Han G, Christiano AM, Wang XJ. Smad4-
dependent desmoglein-4 expression contributes to hair follicle integrity. Dev Biol. (2008) 
322:156–66. doi: 10.1016/j.ydbio.2008.07.020

 59. Elias PM, Wakefield JS. Mechanisms of abnormal lamellar body secretion and the 
dysfunctional skin barrier in patients with atopic dermatitis. J Allergy Clin Immunol. 
(2014) 134:781–791.e1. doi: 10.1016/j.jaci.2014.05.048

 60. Xu X, Mannik J, Kudryavtseva E, Lin KK, Flanagan LA, Spencer J, et al. Co-factors 
of LIM domains (Clims/Ldb/Nli) regulate corneal homeostasis and maintenance of hair 
follicle stem cells. Dev Biol. (2007) 312:484–500. doi: 10.1016/j.ydbio.2007.09.052

 61. Lei M, Guo H, Qiu W, Lai X, Yang T, Widelitz RB, et al. Modulating hair follicle 
size with Wnt10b/DKK1 during hair regeneration. Exp Dermatol. (2014) 23:407–13. doi: 
10.1111/exd.12416

 62. Li H, Masieri FF, Schneider M, Bartella A, Gaus S, Hahnel S, et al. The middle 
part of the plucked hair follicle outer root sheath is identified as an area rich in 

lineage-specific stem cell markers. Biomol Ther. (2021) 11:11. doi: 10.3390/
biom11020154

 63. Wegner J, Loser K, Apsite G, Nischt R, Eckes B, Krieg T, et al. Laminin α5 in the 
keratinocyte basement membrane is required for epidermal-dermal intercommunication. 
Matrix Biol: J Int Society for Matrix Biol. (2016) 56:24–41. doi: 10.1016/j.matbio.2016.05.001

 64. Qiao W, Li AG, Owens P, Xu X, Wang XJ, Deng CX. Hair follicle defects and 
squamous cell carcinoma formation in Smad4 conditional knockout mouse skin. 
Oncogene. (2006) 25:207–17. doi: 10.1038/sj.onc.1209029

 65. Ohazama A, Johnson EB, Ota MS, Choi HY, Porntaveetus T, Oommen S, et al. 
Lrp4 modulates extracellular integration of cell signaling pathways in development. 
PLoS One. (2008) 3:e4092. doi: 10.1371/journal.pone.0004092

 66. Ahn Y, Sims C, Logue JM, Weatherbee SD, Krumlauf R. Lrp4 and wise interplay controls 
the formation and patterning of mammary and other skin appendage placodes by modulating 
Wnt signaling. Development. (2013) 140:583–93. doi: 10.1242/dev.085118

 67. Bao Q, Zhang X, Bao P, Liang C, Guo X, Yin M, et al. Genome-wide identification, 
characterization, and expression analysis of keratin genes (KRTs) family in yak (Bos 
grunniens). Gene. (2022) 818:146247. doi: 10.1016/j.gene.2022.146247

 68. Xu Y, Wang S, Cao X, Yuan Z, Getachew T, Mwacharo JM, et al. The effect of EGR1 on 
the proliferation of dermal papilla cells. Gene. (2022) 13:1242. doi: 10.3390/genes13071242

 69. Wu J, Huang B, Chen H, Yin Q, Liu Y, Xiang Y, et al. The landscape of accessible 
chromatin in mammalian preimplantation embryos. Nature. (2016) 534:652–7. doi: 
10.1038/nature18606

 70. Dussmann P, Pagel JI, Vogel S, Magnusson T, Zimmermann R, Wagner E, et al. 
Live in vivo imaging of Egr-1 promoter activity during neonatal development, liver 
regeneration and wound716 healing. BMC Develop Biol. (2011) 11:28. doi: 
10.1186/1471-213x-11-28

 71. Kwon HJ, Bhat N, Sweet EM, Cornell RA, Riley BB. Identification of early 
requirements for preplacodal ectoderm and sensory organ development. PLoS Genet. 
(2010) 6:e1001133. doi: 10.1371/journal.pgen.1001133

 72. Lv X, He M, Zhou H, Wang S, Cao X, Yuan Z, et al. SP1 and KROX20 regulate the 
proliferation of dermal papilla cells and target the CUX1 gene. Animals: Open Access J 
MDPI. (2024) 14:429. doi: 10.3390/ani14030429

https://doi.org/10.3389/fvets.2024.1489379
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1016/j.virol.2016.02.015
https://doi.org/10.1016/j.jid.2018.02.043
https://doi.org/10.1186/s12864-018-5011-4
https://doi.org/10.3390/biology12030445
https://doi.org/10.1371/journal.pgen.1000748
https://doi.org/10.3390/ijms23116077
https://doi.org/10.1016/j.ydbio.2008.07.020
https://doi.org/10.1016/j.jaci.2014.05.048
https://doi.org/10.1016/j.ydbio.2007.09.052
https://doi.org/10.1111/exd.12416
https://doi.org/10.3390/biom11020154
https://doi.org/10.3390/biom11020154
https://doi.org/10.1016/j.matbio.2016.05.001
https://doi.org/10.1038/sj.onc.1209029
https://doi.org/10.1371/journal.pone.0004092
https://doi.org/10.1242/dev.085118
https://doi.org/10.1016/j.gene.2022.146247
https://doi.org/10.3390/genes13071242
https://doi.org/10.1038/nature18606
https://doi.org/10.1186/1471-213x-11-28
https://doi.org/10.1371/journal.pgen.1001133
https://doi.org/10.3390/ani14030429

	Unlocking the genetic secrets of Dorper sheep: insights into wool shedding and hair follicle development
	Introduction
	Materials and methods
	Animals and sample collection
	Histological staining
	Total RNA extraction and transcriptome sequencing
	Data quality control, comparison, assembly, and expression calculation
	Bioinformatics analysis
	Sample relationship analysis
	Identification of differential transcripts
	Enrichment function analysis and network visualization
	Time series expression analysis
	Weighted correlation network analysis
	Alternative splicing analysis
	RT-qPCR

	Results
	Histological changes in the HFs of sheep
	Quality assessment results and sample correlation analysis
	RT-qPCR validation of RNA-seq
	Enrichment analysis of hair follicle development-related transcripts
	Dynamic expression patterns of DETs during HF development in sheep
	WGCNA analysis identifies stage-specific co-expression modules
	Analysis of alternative splicing events related to HF development in sheep

	Discussion
	Conclusion

	References

